novel roles for sustained activation of Rac1 in HG-induced expression of Cluster of Differentiation 36 [CD36], a fatty acid transporter protein, which is implicated in cell apoptosis. Finally, our findings suggest that metformin, a biguanide anti-diabetic drug, at a clinically relevant concentration, prevents β-cell defects [Rac1 activation, nuclear association, CD36 expression, stress kinase and caspase-3 activation, and loss in metabolic viability] under the duress of glucotoxicity. Potential implications of these findings in the context of novel and direct regulation of islet β-cell function by metformin are discussed. Ras-related C3 botulinum toxin substrate 1 ROS Reactive oxygen species siRNA Small (or short) interfering RNA Abstract Emerging evidence suggests that long-term exposure of insulin-secreting pancreatic β-cells to hyperglycemic (HG; glucotoxic) conditions promotes oxidative stress, which, in turn, leads to stress kinase activation, mitochondrial dysfunction, loss of nuclear structure and integrity and cell apoptosis. Original observations from our laboratory have proposed that Rac1 plays a key regulatory role in the generation of oxidative stress and downstream signaling events culminating in the onset of dysfunction of pancreatic β-cells under the duress of metabolic stress. However, precise molecular and cellular mechanisms underlying the metabolic roles of hyperactive Rac1 remain less understood. Using pharmacological and molecular biological approaches, we now report mistargetting of biologicallyactive Rac1 [GTP-bound conformation] to the nuclear compartment in clonal INS-1 cells, normal rat islets and human islets under HG conditions. Our findings also suggest that such a signaling step is independent of post-translational prenylation of Rac1. Evidence is also presented to highlight
Introduction
Glucose-stimulated insulin secretion [GSIS] from the pancreatic β-cell involves a series of metabolic events including generation of soluble second messengers, such as adenine nucleotides [ATP] , guanine nucleotides [GTP] , cyclic nucleotides [cAMP, cGMP] and lipid hydrolytic products of phospholipases A 2 , C and D [diacyl glycerol, lysophospholipids, inositol triphosphates]. Furthermore, a precisely controlled increase in intracellular calcium concentrations via influx from the extracellular compartment as well as mobilization of intracellular pools from the endoplasmic reticulum [ER] have also been shown to be critical for insulin secretion to occur [1] [2] [3] [4] . Together, these [metabolic, cationic and other] events facilitate the movement of insulin-laden secretory granules toward the membrane for fusion and exocytotic secretion of insulin. Several previous studies, including our own, have demonstrated that small G proteins [Arf6, Cdc42, Rac1 and Rab] play essential roles in GSIS including vesicular transport and cytoskeletal remodeling [5] [6] [7] [8] [9] [10] . We have recently reported that alterations in the functional activation of these G proteins [Rac1] might represent a plausible mechanism underlying impaired insulin secretion, commonly associated with type 2 diabetes [11] [12] [13] [14] [15] [16] .
Considerable experimental evidence suggests that increases in intracellular generation of reactive oxygen species [ROS] triggers the metabolic dysfunction of the islet β-cell under the duress of glucotoxicity, lipotoxicity or exposure to proinflammatory cytokines or biologically-active sphingolipids, such as ceramide [11] [12] [13] [14] [15] [16] [17] [18] [19] . The phagocytic NADPH oxidase [Nox2] has been shown to be one of the contributors of ROS generation under these pathological conditions [20, 21] . Interestingly, Rac1 is an integral member of the Nox2 holoenzyme and, therefore, sustained activation of Rac1 under metabolic stress conditions is felt to be one of the signaling events necessary for the activation of Nox2. Using molecular biological [siRNA, antisense and dominant negative mutants] and pharmacological inhibitors of Rac1 [NSC23766, EHT1864, Ehop-016] and Nox2 [gp91-ds-tat peptide, VAS2870], recent studies have implicated requisite roles of accelerated Rac1-Nox2 module in islet β-cell dysfunction in in vitro and in vivo models of impaired GSIS and diabetes [8, 13, 14, [19] [20] [21] .
As a logical extension to the above studies, we have recently reported that Rac1-Nox2 signaling axis promotes activation of specific stress kinases [p38MAPK, p53 and JNK1/2] in INS-1 832/13 cells, rodent islets and human islets under conditions of metabolic stress [13, 14, 16] . Small molecule inhibitors of Rac1 [NSC23766, EHT1864, Ehop-016] significantly attenuated stress kinase activation and associated metabolic dysfunction of the islet β-cell under these conditions, thus suggesting that Rac1-Nox2 module may be upstream to stress kinase activation. Based on the evidence on sustained activation of Rac1 under metabolic stress conditions, we recently proposed that potential defects in post-translational prenylation of Rac1 could lead to its activation in a constitutive manner, which, in turn, might lead to its localization in "inappropriate" cellular compartments [mislocalization] , thus triggering pathways leading to cell dysfunction [22] . In addition, growing evidence suggests that metformin, which is commonly used in the clinic as an antidiabetic drug, exerts beneficial effects on islet β-cell against the noxious effects of glucolipotoxicity and ER stress [23] [24] [25] [26] [27] [28] . Therefore, we sought to investigate potential cytoprotective effects of metformin against HG-induced metabolic dysfunction of insulin-secreting INS-1 832/13 cells. Specifically, we assessed the beneficial effects of metformin at a more clinically-relevant concentrations [15-30 μM] on HG-induced Rac1-stress kinase signaling pathway. Our results indicate significant protection by metformin of HG-induced metabolic dysfunction in pancreatic β-cells. 
Materials and methods

Materials
Insulin-secreting cells and treatment conditions
Pancreatic islets were isolated from 6 to 8 weeks old Sprague-Dawley male rats (ENVIGO, Indianapolis, IN) by the collagenase digestion method as we described previously [5, 18] 
Isolation of nuclear fraction
Insulin-secreting cells were incubated with LG or HG with or without Rac1 inhibitors [EHT1864 and GGTI-2147] as described in the text. Nuclear fractions were isolated using NE-PER nuclear and cytoplasmic isolation kit as described earlier, and the purity of nuclear fractions was assessed using lamin B as a marker protein [30] .
Cell transfections
INS-1 832/13 cells were transfected using Lipofectamine 3000 reagent with GFP-Rac1, Myc-Rac1 WT, N17
Myc-Rac1, GFP-S1987A, GFP-Rac1 SAAX mutants for 24 h and grown in low serum-LG containing media, followed by LG or HG treatment as indicated in the text.
Microscopy
INS-1 832/13 cells were grown on coverslips and transfected with constructs for 48 h. Cells were washed with ice-cold PBS after transfection and fixation was done using 4% paraformaldehyde for 10 min at room temperature followed by washing with PBS. Subsequently, coverslips were mounted with DAKO anti-fade mounting medium with DAPI. Immunofluorescence was done using Olympus IX71 inverted fluorescent microscope.
Rac1 activation assay
Rac1 activation assay was performed using Rac1 pulldown activation assay kit [bead pull-down format; Cytoskeleton Inc.] as we described in [11, 13, 18] . Briefly, cells were grown to ~70% confluence in complete growth medium. Cells were then cultured in LG-low serum [2.5%] starvation media overnight followed by culture in LG and HG media in presence and absence of metformin [0-30 µM]. After 24 h, growth media was aspirated and cells were washed with ice-cold PBS. After complete removal of PBS, ice-cold lysis buffer containing protease inhibitor cocktail were added to prevent protein degradation. Cell lysates were prepared and pull-down assay was performed the same day according to manufacturer's instructions.
Immunoblotting
After 24-h incubation with LG or HG in the absence and presence of metformin [15 or 30 µM] , cells were lysed using RIPA buffer containing protease inhibitor cocktail, 1mM NaF, 1mM PMSF and 1mM Na 3 VO 4 . Cell lysates (~45 µg protein) were resolved by SDS-PAGE, and then transferred onto nitrocellulose membranes. Membranes were blocked in 5% non-fat dry milk in PBS-T buffer or 0.1% Casein in PBS-T and then incubated with appropriate primary antibody diluted with 5% non-fat dry milk in PBS-T buffer or 0.1% Casein in PBS-T, overnight at 4 °C. The membranes were then washed [5 times for 5 min each] with PBS-T, and then probed with the appropriate secondary antibody IRDye ® 800CW anti-rabbit or anti-mouse. The immune complexes were then detected using Odyssey ® Imaging Systems. The band intensities were quantified using Carestream ® Molecular Imaging Software.
Statistical analysis of experimental data
Results are expressed as means with their standard errors as indicated. The statistical significance of differences between control and experimental groups was evaluated by ANOVA followed by SNK Post Hoc test where appropriate. P < 0.05 was considered to be statistically significant.
Results
Glucotoxicity model used in the current studies
We recently established a β-cell glucotoxicity [HG conditions] model in which chronic exposure of insulin-secreting INS-1 832/13 cells to HG [20 mM; 24 h.] resulted in a significant activation of caspase-3, nuclear lamin-B degradation and loss in GSIS [11, 13, 14, 16, 30] . We also reported accelerated β-cell apoptosis under those conditions as evidenced by increased Annexin V/propidium iodide staining. These observations were further confirmed in a cell death quantification assay [16] . Together, our observations indicated that long-term exposure of pancreatic β-cells to HG conditions leads to cell dysfunction [i.e., loss in their ability to secrete insulin in response to physiological glucose concentrations] and demise. In the context of the current investigation, we have recently reported that glucotoxic conditions promote sustained activation of Rac1 in pancreatic β-cells [11] [12] [13] [14] [15] . However, potential consequences of sustained activation of Rac1, including potential alterations in its subcellular distribution [mislocalization], have not been studied thus far. Therefore, we first examined nuclear association of Rac1 [a trigger for cell dysregulation]. Secondly, we examined protective effects of metformin against HG-induced apoptotic signaling pathways and dysregulation of INS-1 832/13 cells [i.e., our β-cell glucotoxicity model].
HG conditions promote nuclear accumulation of Rac-1 in INS-1 832/13 cells, normal rat islets and human islets
Previous observations from our laboratory have demonstrated sustained activation of Rac1 in INS-1 832/13 cells, normal rat islets and human islets exposed to HG conditions [11] [12] [13] . We provided evidence to indicate a significant reduction in geranylgeranyltransferase [GGTase] activity, which regulates post-translational prenylation of small G-proteins, including Rac1. As an index for decreased prenylation, we observed significant accumulation of unprenylated proteins in pancreatic β-cells exposed to HG conditions. Therein, we speculated that unprenylated, but paradoxically active G-proteins might translocate into "inappropriate" compartments [e.g., nucleus] to induce metabolic defects in the effete β-cell [22] . Therefore, we undertook the current investigation to determine potential targeting of Rac1 into the nuclear compartment in pancreatic β-cells exposed to HG conditions. Data depicted in Fig. 1a , b demonstrate a marked increase in the nuclear localization of Rac1 in INS-1 832/13 cells exposed to glucotoxic conditions. This increase is not due to increase in the total Rac1 levels under HG conditions since we observed a corresponding decrease in the relative abundance of Rac1 in the non-nuclear fraction isolated from HG-treated cells (Fig. 1a, b) . These findings were confirmed in normal rodent islets (Fig. 1c, d ) and human islets (Fig. 1e) . Please note that the non-nuclear fraction is devoid of nuclear components as evidenced by lack of detectable lamin B, a nuclear marker, in these fractions isolated from INS-1 832/13 cells, rat islets and human islets [a, c and e, respectively]. To further confirm our immunoblotting data on the nuclear accumulation of Rac1 under HG conditions, we transfected INS-1 832/13 cells with wild type GFP-Rac1 construct and treated the cells with HG for 24 h post transfection. Data depicted in Fig. 1p , f indicated even distribution of GFP-Rac1 in cells under basal conditions. However, nuclear association of Rac1 was observed in cells exposed to HG conditions further validating our Western blot data. Together, these observations validate our hypothesis that exposure of insulin-secreting cells to HG conditions leads to sustained activation of unprenylated Rac1 leading to its translocation to the nuclear compartment.
Active [GTP-bound] conformation of Rac1 is required for its nuclear translocation
To further affirm our hypothesis, we next asked if biologically-active conformation of Rac1 [Rac1-GTP] is essential for its translocation to the nuclear fraction. We addressed this question via molecular biological and pharmacological approaches. In the first approach, we utilized a dominant negative mutant [myc-tagged] Rac1 or WT-Rac1 to determine if HG conditions would promote nuclear association of Rac1 in cells transfected with the inactive mutant. Data in Fig. 2a , b demonstrate significant translocation of WT-Rac1 into the nuclear compartment in INS-1 832/13 cells exposed to HG-conditions. However, there was a 50% reduction in nuclear association of N17 mutant in cells under the same conditions (Fig. 2a, b ). In the second approach, we utilized EHT1864, a known inhibitor of Rac1 [31, 32] to functionally inactivate endogenous Rac1 and then assessed nuclear association of Rac1 under LG and HG conditions. Data in 
Post-translational geranylgeranylation is not essential for nuclear translocation of Rac1
We next asked if post-translational geranylgeranylation is required for the GTP-bound form of Rac1 to associate with the nuclear fraction. To address this, we first determined nuclear association of Rac1 in INS-1 832/13 cells exposed to either HG conditions or to GGTI-2147, a known inhibitor of geranylgeranylation of Rac1 [11, 12, 18] . Data in Fig. 3a , b demonstrate significantly higher nuclear localization of Rac1 in INS-1 832/13 cells exposed to HG and GGTI-2147, thus suggesting that post-translational geranylgeranylation is not requisite for nuclear association of Rac1. In a second approach, we transfected INS-1 832/13 cells with two unprenylatable, but biologicallyactive, mutants of Rac1 [C189A and SAAX] to further determine their association with nuclear fraction. Data in Fig. 3c demonstrate a significantly high abundance of these Rac1 mutants in the nuclear fraction compared to the WT-Rac1. These data further confirm our findings in Fig. 3a . In the second approach, we overexpressed nonprenylatable and constitutively active Rac1 mutants [GFP-C189A and GFP-Rac1 SAAX] in INS-1 832/13 cells and analyzed the localization of these mutants by immunofluorescence. Compatible with data from studies described in a and b, our microscopic evidence (Fig. 3d) indicates that both non prenylatable and constitutively active mutants mostly localize to nuclear compartment, thus suggesting that defects in prenylation lead to increased nuclear association of Rac1 with the nuclear fraction. Based on the data accrued thus far, we conclude that HG conditions promote nuclear association of unprenylated, but active Rac1 in a variety of insulin-secreting cells. These findings further support our recently proposed model that metabolic stress promotes defective prenylation and aberrant activation of Rac1 to initiate downstream signaling events leading to the metabolic dysfunction and demise of the β-cell.
In the following set of studies, we investigated protective effects of metformin, a biguanide derivative, against HGinduced metabolic defects in pancreatic β-cells including sustained activation of Rac1 and its downstream signaling pathways, such as stress kinase activation, mitochondrial dysregulation and loss in cell viability under HG conditions. LG HG
LG HG 
Metformin prevents sustained activation of Rac1 and its nuclear localization under the duress of glucotoxicity
At the outset, we asked if HG-induced sustained activation of Rac1 is prevented by clinically-relevant concentrations of metformin. To address this, activation of Rac1 was quantified by a pull-down assay in INS-1 832/13 cells exposed to HG in the absence or presence of metformin [30 µM]. Data depicted in Fig. 4 demonstrate significant [~3.5 fold] activation of Rac1 in INS-1 832/13 cells exposed to glucotoxic conditions. Co-provision of metformin markedly attenuated HG-induced activation of Rac1 under these conditions. It is noteworthy, however, that metformin modestly, but significantly, increased Rac1 activation in cells exposed to basal glucose [normal] conditions (Fig. 4a) . Pooled data from multiple experiments are provided in Fig. 4b . Furthermore, as shown in Fig. 4c , d, metformin treatment prevented nuclear association of Rac1 under HG conditions. Together, these findings suggest that metformin significantly inhibits HG-induced Rac1 activation and nuclear association in pancreatic β-cells. LG or HG in presence or absence of EHT1864 (10 μM), a specific small molecule inhibitor of Rac1, for 24 h. Cells were then pelleted and subjected to nuclear fractionation using NE-PER kit according to manufacturer's instructions. d Inhibition of HG-induced nuclear translocation by EHT 1864, was quantified by densitometric analysis. Results were expressed as mean fold change from three independent experiments *p < 0.05 versus 20 mM glucose 1 3
Sustained activation of Rac1 under glucotoxic conditions leads to increased expression of the fatty acid transporter CD36: Metformin inhibits HG-induced CD36 expression
Several recent studies have established novel roles for CD36, a membrane-associated fatty acid transporter protein, in the onset of β-cell dysfunction and demise under chronic hyperglycemic conditions [19, 28] . Therefore, we asked if HG conditions increase expression of CD36 in INS-1 832/13 cells, and if so, whether Rac1 activation represents an upstream signaling mechanism for HG-induced expression of CD36. To address this question, we quantified HG-induced expression of CD36 in INS-1 832/13 cells exposed to EHT1864. Data in Fig. 5a indicate a significant increase in the expression of CD36 in INS-1 832/13 cells exposed to glucotoxic conditions. Moreover, HG-induced expression of CD36 was reduced following inhibition of Rac1, thus suggesting that Rac1 activation may be upstream to CD36 expression in β-cells exposed to HG conditions (Fig. 5a, b) . We next questioned whether metformin exerts any protective effects on HGinduced CD36 expression. Data in Fig. 5c, d demonstrate a significant increase in the expression of CD36 in INS-1 832/13 cells following exposure to HG conditions [as in a]. In addition, co-provision of metformin markedly suppressed HG-induced expression of CD36. Note that in a manner akin to Rac1 activation (Fig. 4) , metformin treatment slightly increased the expression of CD36 under basal glucose conditions ( Fig. 5c; lanes 1 vs. 2 ). Pooled data from multiple experiments are included in Fig. 5d . Compatible with data described above (Fig. 2) , findings from this experiment suggest that HG-induced activation and nuclear association of Rac1 and downstream CD36 expression are sensitive to metformin. 
HG-induced stress kinase [p38MAPK and p53] activation is prevented by metformin
In the next series of studies, we assessed the protective effects of metformin against HG-induced stress kinase [p38MAPK and p53] activation in INS-1 832/13 cells. As we reported recently [14] , data in Fig. 6a , b demonstrate a significant stimulation on p38MAPK activity in these cells following exposure to HG conditions. Metformin treatment significantly alleviated such effects. Interestingly, however, as in the case of Rac1 activation (Fig. 4) and CD36 expression, (Fig. 5 ) metformin-treatment [30 µM] consistently increased p38MAPK activation under basal glucose conditions despite its protective effects against high glucoseinduced Rac1 activation, CD36 expression and p38MAPK activation. In the next series of studies we examined protective effects, if any, on HG-induced activation of p53. Data in Fig. 6c, d confirm our recently published observations of activation of p53 by glucotoxic conditions [16] . More importantly, we observed marked protection by metformin of INS-1 832/13 cells against HG-induced p53 activation (Fig. 6c, d ). It is noteworthy that, unlike in the case of Rac1 activation, CD36 expression and p38MAPK activation, metformin did not exert any effects of p53 activation under basal glucose conditions.
Metformin treatment attenuates HG-induced caspase-3 activation in INS-1 832/13 cells
In the last series of experiments, we determined the degree of caspase-3 activation in INS-1 832/13 cells exposed to HG conditions in the absence or presence of metformin. Our findings demonstrated a high degree of caspase-3 activation in cells exposed to HG conditions. This is evidenced by emergence of the cleaved [biologically-active] caspase-3 band under these conditions (Fig. 7a) . We also observed a significant reduction in high glucose-induced caspase-3 activation in cells exposed to metformin. A modest increase in caspase-3 activation was also seen in cells under normal culture [basal] conditions. Pooled data from multiple experiments are provided in Fig. 7b .
Metformin treatment relieves HG-induced loss in metabolic cell viability in INS-1 832/13 cells
Compatible with above findings (Fig. 7) , we noticed significant protection by metformin of HG-induced loss in metabolic cell viability in these cells (Fig. 8) . Our findings demonstrated a significant reduction in metabolic cell viability in INS-1 832/13 cells incubated under HG conditions. Co-provision of metformin [30 µM] significantly protected these cells from metabolic alterations. Compatible with data described in the above sections, metformin treatment alone decreased cell viability under basal glucose concentrations. These data clearly imply dual regulatory roles of metformin [see "Discussion"]. Based on the findings described in these studies, we conclude that HG conditions promote sustained activation and nuclear association [mislocalization] of Rac1 and metabolic dysfunction [CD36 expression, stress kinase activation, caspase-3 activation and loss in metabolic cell viability] in pancreatic islet β-cells. We also provide evidence in support of significant protection of these metabolic defects by metformin. Together, these data provide evidence for novel targets for metformin, specifically at the level of pancreatic β-cell [see below]. 
Discussion
It is well established that chronic exposure of pancreatic β-cells to HG conditions results in significant metabolic dysfunction, including loss in cell proliferation and GSIS leading to apoptotic demise of the β-cell [17] . More recent findings from our laboratory have demonstrated novel regulatory roles for Rac1, a small G-protein, in the induction of islet β-cell dysfunction under the duress of glucotoxicity [8, [12] [13] [14] . Specifically, we demonstrated that, under glucotoxic conditions, sustained activation of Rac1 results in accelerated Nox2 signaling leading to increased oxidative stress [ROS production], stress kinase [p38MAPK and p53], caspase 3 activation and nuclear lamin degradation culminating in cell death [8, [12] [13] [14] 30] . During these investigations, we also identified two guanine nucleotide exchange factors [Tiam1 and Vav2] that mediate activation of Rac1 in eliciting damaging effects on β-cells [15] . As a logical extension to these studies, we undertook the current studies to examine potential alterations, if any, in the subcellular distribution [mislocalization] of Rac1 in pancreatic β-cells exposed to glucotoxic conditions. Furthermore, we assessed the efficacy of metformin, an antidiabetic drug, against HG-mediated effects on β-cell function. Salient findings from these studies are: [i] exposure of INS-1 832/13 cells, normal rodent islets and human islets to HG-conditions result in nuclear association of Rac1; and [ii] biologically-active [GTPbound] conformation of Rac1, but not its post-translational prenylation, is required for its association with the nuclear fraction. We also demonstrated that clinically-relevant concentrations of metformin prevent HG-induced; [i] Rac1 activation and nuclear translocation; [ii] CD36 expression;
[iii] stress kinase and caspase-3 activation; and [iv] loss in cell viability. Implications of these findings in the context of regulatory roles of constitutively-active Rac1 in the pathology of islet dysfunction, and its prevention by metformin are discussed below. Recent studies from our laboratory have reported sustained activation of Rac1 in clonal INS-1 832/13 β-cells, normal rodent islets, and human islets under the duress of metabolic stress, including glucotoxicity, lipotoxicity, exposure to proinflammatory cytokines, and biologically-active sphingolipids, such as ceramide [8, [11] [12] [13] [14] [15] [16] 18] . These observations were also confirmed in islets derived from type 2 DM animal models and human donors with T2DM. Furthermore, pharmacological inhibition [NSC23766] of Tiam1, a GEF for Rac1, attenuated Rac1 activation in all the above experimental conditions, thus suggesting that Tiam1 represents one of the GEFs that mediate hyper-activation of Rac1. More importantly, inhibition of Tiam1-Rac1 signaling axis also prevented HG-induced, Nox2 activation and downstream stress kinase activation and mitochondrial dysfunction in pancreatic β-cells exposed to HG conditions [15] . Together, these findings implicate Rac1 as a key mediator of islet β-cell dysfunction in metabolic stress and diabetes. What then are the underlying mechanisms for Rac1 activation in metabolic stress? We recently proposed, and provided experimental evidence to suggest that non-canonical activation of Rac1 under these conditions might, in part, be due to defects in requisite prenylation. In this context, we reported a significant reduction in protein prenyltransferase [farnesyltransferase and geranylgeranyltransferases] activities in INS-1 832/13 cells exposed to glucotoxic, lipotoxic and ER stress conditions. Consequentially, a significant increase in the relative abundance of unprenylated proteins was seen under these conditions [22] . As noted above, sustained activation was demonstrable in islet β-cells even at the height of defective prenylation, thus validating our original hypothesis that metabolic stress induces defective prenylation and sustained activation of G-proteins. We also proposed, but not provided evidence for, that inhibition of prenylation leads to mistargetting of G-proteins resulting in pathology. Indeed, data from our current investigations support such a formulation since we reported prenylationindependent nuclear translocation of active Rac1 under glucotoxic conditions. Evidence is also emerging in other cell models to suggest that defects in protein prenylation lead to aberrant activation and mislocalization of unprenylated proteins. For example, Khan et al. have recently reported hyper-activation of macrophages and associated induction of erosive arthritis in mice lacking GGTase-1, thus raising potential for regulatory roles of geranylgeranylation in inflammatory cell signaling [33] . It is noteworthy that GGTase deficiency in these cells is manifested by significantly elevated levels of active [GTP-bound] Rac1, Cdc42 and RhoA, thus suggesting an alternate prenylation-independent mechanism for the activation of these unprenylated G proteins under pathological conditions. Along these lines, Dunford et al. have demonstrated constitutive activation of Rac, Cdc42 and Rho G-proteins in J774 macrophages following inhibition of prenylation by nitrogen-containing bisphosphonates [34] . Taken together, these findings demonstrate inhibition of prenylation results in sustained activation and translocation of G-proteins to inappropriate cellular compartments, thus raising an important question if such a signaling step leads to cellular pathology including islet dysfunction, especially under HG conditions [35] .
Several recent studies have investigated beneficial effects of metformin against islet β-cell function. It is noteworthy that these in vitro investigations utilized a wide range of metformin concentrations [10 μM-1 mM]. For example, Simon-Szabo and associates [36] [38] . Natalichhio and coworkers have shown significant restoration of GLP-1 receptor impairment by metformin [0.5-1.0 mM] in murine islets following exposure to palmitate [39] . Together, the above studies provide supporting evidence for beneficial/protective effects of metformin against gluco-, or lipotoxicity and ER stress. Our current findings demonstrate marked protection of INS-1 832/13 cells, by metformin, against HG-induced metabolic defects at concentrations as low as 30 µM.
A growing body of evidence implicates CD36, a fatty acid transport protein, in cell apoptosis under glucolipotoxic conditions [19, 28] . Data from our current studies have provided evidence to suggest that Rac1 activation is upstream to CD36 expression since EHT1864, a known inhibitor of Rac1 [31, 32] , attenuated HG-induced CD36 expression in INS-1 832/13 cells. Our findings are also compatible with recent observations of Elumalai and associates demonstrating regulatory roles for Rac1-Nox2 signaling axis promotes CD36 expression in INS-1 cells under the duress of glucotoxic conditions [19] . Using specific inhibitors of Tiam1-Rac1 [NSC23766] and Nox2 [VAS2870] these researchers were able to identify Tiam1-Rac1-Nox2 signaling steps as upstream modulators of CD36 expression under HG glucose exposure conditions. It should be noted that the findings of Elumalai et al. [19] further validate our original proposal that Tiam1-Rac1-Nox2 signaling pathway contributes to islet β-cell dysfunction under metabolic stress conditions [8, 12, 15, 21] . Data from our current investigations involving a structurally distinct inhibitor of Rac1 [28] .
It is noteworthy that metformin appears to exert dual regulatory roles in pancreatic β-cells. For example, in the current studies, we consistently noted that under basal glucose conditions, metformin increased Rac1-CD36-Stress kinase activation to a modest, but significant degree while affording protection against HG-induced effects on these signaling steps. Along these lines, using insulin-secreting MIN6 cells, Jiang and associates have provided evidence to suggest dual regulatory roles for metformin in pancreatic β-cell function. First, under normal growth conditions metformin significantly suppressed MIN6 cell proliferation and triggered apoptosis via a mechanisms involving AMPKactivation and autophagy-related signaling steps [40] . Interestingly, however, metformin significantly protected MIN6 cells against palmitate-induced mitochondrial dysfunction [caspase activation] and cell death. While these data appear to support our findings of significant protective effects of metformin on HG-induced effects in INS-1 832/13 cells, it should be noted that studies of Jiang and associates [40] used relatively high concentrations of metformin [2 mM] compared to much less concentration of metformin we used in our current studies [15-30 μM] .
Conclusions and working model
Based on available evidence, we propose (Fig. 9 ) that HG conditions promote functional inactivation of protein prenyltransferases leading to defective prenylation, and paradoxical activation of G-proteins such as Rac1. Hyperactivation of Rac1 may, in part, be due to weak association of Rac1 with its regulatory guanine nucleotide dissociation inhibitor [GDI] and/or increased activity of Tiam1 [a known GEF for Rac1]. Unprenylated, and yet functionally active Rac1 is targeted to nuclear fraction [mislocalization; ref. 35] leading to accelerated apoptotic signaling [p53 activation] and the onset of cell dysfunction [16] . It is also proposed that hyperactive Rac1 might regulate other apoptotic function including CD36 expression, other stress kinase [p38MAPK and JNK1/2] activation to initiate signaling events leading to caspase-3 activation and nuclear lamin-B degradation terminating in loss in GSIS, inhibition of proliferation and cellular apoptosis [11, 13, 14, 30] . We also propose that metformin affords protection against above mentioned glucotoxic effects (Fig. 9 1 3 indicated by red arrows) at clinically relevant concentrations [15-30 μM] . Future studies will determine potential targets for metformin, specifically regulatory factors for Rac1 activation including GEFs, GTPase-activating proteins and the Rho GDP dissociation inhibitor in the islet β-cell, the interplay of which is expected to retain Rac1 in its active, GTP-bound conformation to promote downstream signaling events that could contribute to metabolic dysregulation and onset of type 2DM [8, 41] . Fig. 9 A proposed model for metabolic stress induced dysfunction of pancreatic islet β-cells: Reversal by metformin Based on the data accrued thus far, we propose that exposure of pancreatic islet β-cells to metabolic stress conditions [e.g., glucotoxicity results in functional inactivation of prenyltransferases, and consequently, a significant accumulation of unprenylated Rac1 occurs. Our findings suggest a paradoxical stimulation of G protein activity even at the height of inhibition of requisite prenylation. We presented data herein to suggest a significant association of unprenylated, but active [GTPbound] Rac1 with the nuclear fraction in a variety of insulin-secreting cells under glucotoxic conditions. This, in turn, promotes phosphorylation of pro-apoptotic proteins/factor, including p53 [15] . Along these lines, we also demonstrated that constitutively activated Rac1 promotes activation of Nox2 resulting in the generation of oxidative stress and activation of downstream signaling kinases including p38MAPK. These events singly, or in combination, promote caspase activation, nuclear lamin degradation leading to cell dysfunction. Note that specific signaling events/steps that are regulated by metformin [current studies] are indicated by red arrows. (Color figure  online) 
